We aim to determine if the loss of white matter fractional anisotropy (FA), measured by diffusion tensor magnetic resonance imaging (DTI), in post-treatment childhood medulloblastoma (MED) and acute lymphoblastic leukemia (ALL) survivors correlate with intelligence quotient (IQ) scores.
INTRODUCTION
Treatment-induced neurotoxicity is a major cause of neurobehavioral morbidity in childhood cancer survivors affecting diverse aspects of cognitive function, especially attention, memory, and processing speed, which, in turn, affect intelligence quotient (IQ) and academic achievement. [1] [2] [3] [4] [5] [6] [7] With therapeutic advancements and improving long-term survivals, there is a greater and more urgent need for attention to neurocognitive outcomes, an important domain contributing to the quality of life of these children.
The assessment of treatment-induced neurotoxicity using conventional magnetic resonance neuroimaging techniques have been limited, with most studies reporting a lack of correlation between the presence of leukoencephalopathy on conventional magnetic resonance imaging (MRI) and clinical symptoms or neurocognitive tests. [8] [9] [10] [11] Advanced MRI techniques have shown more promising results. Volumetric measurements of normal appearing white matter in medulloblastoma (MED) survivors have been found to be reduced compared with normal controls, 12 and the severity of volume loss correlates with young age at cranial irradiation, 12 cranial irradiation dose, and IQ scores. 5, 6, 12 This supports the fact that cerebral white matter is the neuroanatomic substrate for treatment-induced neurotoxicity. Also, magnetic resonance spectroscopy studies have generally shown a reduction in N-acetyl aspartate ratios in the white matter of childhood acute lymphoblastic leukemia (ALL) children, although no correlation has been found with neurocognitive scores.
We have used a new sequence in MRI, diffusion tensor MRI (DTI), to measure the loss of fractional anisotropy (FA) in the white matter of childhood cancer survivors. 15, 16 DTI is a technique that is able to quantitate the diffusion of water molecules in the brain. In white matter, the diffusion process is highly directional because of axonal fibers running in parallel, making this technique advantageous for the assessment of white matter. 17 This property, termed diffusion anisotropy, can be quantified by the index FA. When white matter microstructure is disrupted because of pathology, the abnormality can be detected and quantified by the loss of FA. Compared with volumetric measurements, this method potentially has the advantage of more sensitive detection of subtle and early changes that occur in the microstructure and organization of white matter fiber tracts. We have shown that white matter FA (WMFA) is less in childhood MED survivors compared with normal control patients, 15, 16 and that the difference correlates with known risk factors of neurotoxicity, 18 suggesting that FA may be used as a biomarker of treatment-induced white matter damage reflecting the status of tissue microstructure and architecture. In a cross-sectional study of childhood MED and ALL survivors, we aim to determine if FA measurement correlates with neurocognitive function, by the assessment of IQ scores.
MATERIALS AND METHODS

Patient Demographics
Consecutive MED and ALL survivors who were free of the primary disease, completed treatment at least 1 year ago, and were at least 6 years of age were recruited from the Pediatric Oncology Unit of our hospital for DTI and IQ tests. Informed consent was obtained from the patient or parent and the study was approved by the hospital institutional review board. A total of 30 patients (20 male, 10 female; age range, 6.0 to 22.1 years; mean age, 13.1 years) were recruited, of which 12 were MED survivors and 18 were ALL survivors. All the MED survivors belonged to our previous cohort studied for the association of FA with risk factors of neurotoxicity.
18 IQ scores were not analyzed then. All MED survivors (9 male, 3 female; age range, 6 to 20.6 years; mean, 11.8 years) underwent tumor resection, craniospinal irradiation, and chemotherapy. The whole brain was irradiated with lateral opposing fields 23.4 to 40 Gy in 1.8 to 2 Gy daily fractions. Afterward, additional boost was given to the posterior cranial fossa with reduced lateral opposing fields or with threedimensional conformal radiotherapy. Three patients had posterior cranial fossa boost with three-dimensional conformal radiotherapy. Total dose to the posterior cranial fossa ranged from 50 to 55.8 Gy. Total craniospinal irradiation dose was 23.4 Gy (n ϭ 3), 30.6 Gy (n ϭ 3), 36 Gy (n ϭ 5), and 40 Gy (n ϭ 1). The variation in dosage is, in part, because of the change of the protocol in recent years and also, in part, because of the differences in their disease status. Chemotherapy regime was vincristine, cyclophosphamide, cisplatin and VP16 (baby Pediatric Oncology Group protocol) for children diagnosed before 2000 or CCNU (lomustine), cisplatin, and vincristine (CCV protocol) for children diagnosed after 2000.
All ALL survivors (11 male, 7 female; age range, 6.8 to 22 years; mean, 13.9 years) were treated with standardized intrathecal and systemic chemotherapy regimes. Patients received intrathecal methotrexate and high-dose methotrexate in doses varying from 2 to 5 g/m 2 for three to four doses. Before October 1997, chemotherapy was according to the HKALL93 protocol (based on the United Kingdom Medical Research Council protocols for childhood ALL, UKALLX1). From October 1997, the chemotherapy regime was altered to the HKALL97 protocol (based on the Berlin-Frankfurt-Munster study group protocol, ALL-BFM 95). The cranial irradiation dose for high-risk patients was 18 Gy in the HKALL93 protocol and 12 Gy in the HKALL97 protocol. Nine ALL survivors underwent irradiation for CNS prophylaxis and/or CNS disease (6 males, 3 females; age range, 7.4 to 22 years; mean, 14.8 years) and nine did not (5 males, 4 females; age range, 6.8 to 17.7 years; mean, 13.1 years). Cranial irradiation dose was 12 Gy (n ϭ 2), 18 Gy (n ϭ 5), and 24 Gy (n ϭ 2, for CNS involvement).
Patient demographic data is summarized in Table 1 . Fifty-five healthy age-matched children (32 male, 23 female; age range, 6.0 to 23 years; mean, 12.1 years) were selected as controls for DTI scans after institutional review board approval and informed consent was obtained from the subjects, patients, or parents. These subjects were volunteer healthy control subjects or patients who underwent MRI of the brain for clinical indications such as headache or congenital sensorineural hearing loss and were subsequently confirmed to have no neurologic deficit by clinical examination and normal MRI scans. The control subjects were imaged with the same DTI protocol as the patients and were divided into four groups by age: Group A (n ϭ 13; age range, 6.0 to 8.9 years; mean, 7.7 years), Group B (n ϭ 18; age range, 9.0 to 11.9 years; mean, 10.2 years), Group C (n ϭ 11; age range, 12.0 to 14.9 years; mean, 13.6 years), and Group D (n ϭ 13; age range, 15.0 to 23.0 years; mean, 17.9 years) for analysis (see below for ⌬FA% calculation).
Data Acquisition
MRI was performed using a Signa 1.5 Tesla imager (General Electric Medical Systems, Milwaukee, WI) with a standard head coil. DTI data was acquired using single-shot spin-echo echo-planar imaging with TR ϭ 10,000 ms, TE ϭ 100 ms, acquisition matrix ϭ 128 ϫ 128 and field of view ϭ 28 cm. Using a slice thickness of 5 mm with 1.5 mm gap, images were acquired through the entire brain (18 or 19 images). Diffusionsensitizing gradient encoding was applied in 25 directions by using a diffusion-weighted factor b ϭ 1,200 s/mm 2 , and one image was acquired without use of a diffusion gradient, ie, b ϭ 0 s/mm 2 . The DTI imaging time was approximately 5 minutes.
Image Processing
The DTI data were processed using FUNCTOOL (GE Medical Systems, USA) to obtain the FA map. All image manipulations were done using SPM2 (Wellcome Department of Imaging Neuroscience, Institute of Neurology, UK) and MATLAB 6.5 (The MathWorks Inc, Natick, MA). Computation of the quantitative index, mean WMFA from the FA map was performed for each patient and control subject as described previously. 18 The mean WMFA of the control subjects were grouped into the respective four age groups (Group A-D) and the mean WMFA of each age group was obtained.
⌬ Fractional Anisotropy (⌬FA%) Calculation
As it is known that WMFA increases nonlinearly with age, the corresponding age-matched control group mean WMFA was used as a reference value to calculate the percentage difference in WMFA (⌬FA%) of each patient. The same reference WMFA value was used in the calculation of ⌬FA% for multiple patients, depending on patient age. These reference values were required for comparison in our cohort as these values are scanner and sequence specific and cannot be quoted from the literature. ⌬FA% for each patient was computed by (WMFA of patient -WMFA of the age-matched control group)/WMFA of age-matched control group ϫ 100%. As this is not a longitudinal study, note that ⌬FA% used in this study does not represent change within an individual but rather reflects a difference in FA of each individual compared with the corresponding age-matched control group.
Neuropsychologic Tests
IQ scores were obtained for all patients within 0 to 476 days of the DTI scans, with 22 patients (73.3%) having had IQ tests performed within 4 months of DTI scans. All but two IQ tests were performed within 1 year of the DTI scans. We used the Hong Kong Wechsler Intelligence Scales for Children (HK-WISC) for subjects younger than 16 years of age and the Wechsler Adult Intelligence Scale-Revised (WAIS-R) for those 16 years of age and older. The HK-WISC is an adaptation of the WISC taking into consideration the cultural background and range of experience of local Hong Kong children. Verbal IQ (VIQ), performance IQ (PIQ), and full-scale IQ (FSIQ) were assessed.
Statistical Analysis
We used the Mann-Whitney U test to compare age, educational level, and socioeconomic status (according to the definition by the United Kingdom office of population consensus and surveys 1991) and Fisher's exact test to compare sex differences between the control and patient groups. Analysis of variance (ANOVA) was performed to compare neurocognitive measures, ⌬FA%, and patient demographic factors between the three treatment groups, ALL without irradiation, ALL with irradiation, and MED survivors. We performed posthoc tests among the three treatment groups using Bonferroni corrections. To test for trend of ⌬FA% over the three treatment groups, we used linear contrast. Normality assumption of the ANOVA analysis was checked and was met. Multiple linear regression analysis was used to study the effects of irradiation dose and age at treatment on ⌬FA% after the cubic root transformation. The transformation was made because of inadequate normality before transformation. To determine the relationships between independent variables-sex, education level, socioeconomic status, and known neurotoxicity risk factors-age at treatment, irradiation dose and time interval from treatment, and ⌬FA% and dependent variables-FSIQ, VIQ, and PIQ-a two-stage multivariate regression analysis was performed to account the correlation among the dependent variables. The independent variables were clustered into two groups. Group 1 included sex, education level, and socioeconomic status. Group 2 included known neurotoxicity risk factors, age at treatment, irradiation dose and time interval from treatment, and ⌬FA%. The two groups were defined such that variables in group 1 are general factors that may affect IQ and group 2 are variables that have been shown to affect IQ and ⌬FA% (ie, risk factors of neurotoxicity) in this type of patient group. In stage 1, a multivariate analysis was performed to examine the effect of each variable in group 1. In stage 2, a multivariate analysis was performed on all variables in group 2 as well as those variables significant in stage 1.
We also tested the unadjusted effects of ⌬FA% on the IQ scores using ⌬FA% as the only independent variable. All regression models were checked for adequacy by using the standardized residuals. Normal assumptions were met. Receiver operating characteristics curves were used to determine the best ⌬FA% cutoffs for predicting a FSIQ, VIQ, and PIQ of less than 85. Specifically, the best cutoff value was taken as the one that maximized the Youden index, ie, sensitivity ϩ specificity Ϫ1. We computed the sensitivity, specificity, positive predictive value, negative predictive value, positive likelihood ratio, and negative likelihood ratio of the best ⌬FA% cutoffs.
All statistical analyses were performed using the statistical package SPSS for Windows (Version 11.0, SPSS, Chicago, IL). A P value of less than .05 was considered to indicate statistical significance.
RESULTS
Control and Patient Group Demographics
There were no significant differences found between age (MannWhitney U test, P ϭ .316), sex (Fisher's exact test, P ϭ .492), educational levels (Mann-Whitney U test, P ϭ .899), and socioeconomic status (Mann-Whitney U test, P ϭ .306) between the control and patient groups.
Mean WMFA and ⌬FA%
The mean WMFA of Groups A, B, C, and D control patients were 0.348 (standard deviation [SD], 0.016), 0.355 (SD, 0.010), 0.359 (SD, 0.012), and 0.358 (SD, 0.007), respectively. The mean WMFA and mean ⌬FA% of all 30 patients was 0.346 (SD, 0.019) and Ϫ2.30% (SD, 4.94%), respectively. Mean WMFA and mean ⌬FA% of the three treatment groups are summarized in Table 1 . There were no significant differences in age at treatment between the three treatment groups but MED survivors had a significantly shorter time interval from treatment compared with the ALL survivors (ANOVA, P ϭ .014). We found a level of significance that suggested a trend toward significant differences in ⌬FA% between the three treatment groups with MED survivors having the largest ⌬FA%, ALL survivors with irradiation having slightly smaller ⌬FA%, and ALL survivors without irradiation having the least ⌬FA% (ANOVA, P ϭ .066). Multiple linear regression analyses found that irradiation dose (effect, Ϫ0.040; SE, 0.016; P ϭ .018) and age at treatment (effect, 0.106; SE, 0.048; P ϭ .035) had a significant effect on the cubic root of ⌬FA%.
IQ Scores
Mean FSIQ, VIQ, and PIQ of all 30 patients was 106.03 (SD, 17.05), 110.57 (SD, 15.77), and 99.57 (SD, 17.25), respectively. IQ scores and subtest scores of the three treatment groups are summarized in Table 2 . By ANOVA analysis, there were no significant differences in IQ scores between the three treatment groups, although MED survivors had the lowest scores in FSIQ, VIQ and the verbal subtests, information, and arithmetic, followed by ALL survivors with irradiation and ALL survivors without irradiation (Table 2) . FSIQ scores were below average (Ͻ 85) in five patients (five of 30, 16.67%), of which three were MED survivors (three of 12, 25%) and two were ALL survivors (two of 18, 11.11%, one with and one without irradiation). VIQ scores were below average (Ͻ 85) in three patients (three of 30, 10%), of which two were MED survivors and one was an ALL survivor (without irradiation). PIQ scores were below average (Ͻ 85) in six patients (six of 30, 20%), of which four were MED survivors (four of 12, 30%) and two were ALL survivors (two of 18, 11.11%, one with and one without irradiation). Evaluation of the IQ subtests revealed that at least one below average subtest score (Ͻ 7) was found in 10 ALL survivors (10 of 18, 55.6%) and six MED survivors (six of 12, 50%). The percentage frequencies of below average scores for each subtest were as follows: information, 16.7%; similarities, 3.3%; arithmetic, 6.7%; vocabulary, 14.3% and comprehension, 3.3%; picture completion, 3.3%; picture arrangement, 10%; block design, 10%; object assembly, 16.7%; and coding/digit symbol, 34.5%.
Statistical Analysis for ⌬FA% Versus IQ Scores
Multivariate regression analysis with ⌬FA% as the only independent variable found significant correlations with FSIQ (Fig 1; adjusted r 2 ϭ 0.434; P Ͻ .001), VIQ (Fig 2; adjusted r 2 ϭ 0.234; P ϭ .004), and PIQ (Fig 3; adjusted r 2 ϭ 0.515; P Ͻ .001). Note that the overall significance of ⌬FA% with the three IQ scores was significant (Wilk's Lambda test, P Ͻ .001). In stage 1 of multivariate regression analysis using sex, educational level, and socioeconomic status as independent variables, we found that these variables were all not significant factors affecting IQ scores (Wilk's lambda test, P ϭ .686, P ϭ .490, and P ϭ .232, respectively). Therefore, these variables were excluded from further multivariate analysis. In stage 2, after adjusting for the effects of age at treatment, irradiation dose and time interval from treatment, ⌬FA% remained as a significant factor of FSIQ (adjusted r 2 ϭ 0.439; P Ͻ .001), VIQ (adjusted r 2 ϭ 0.237; P ϭ .028), and PIQ (adjusted r 2 ϭ 0.491; P Ͻ .001; Table 3 ). Using 85 as a cutoff for below average IQ score, receiver operating characteristic curve analysis showed that the best ⌬FA% value to predict less than 85 scores in FSIQ, VIQ, and PIQ was Ϫ3.3%. The sensitivity, specificity, positive predictive value, negative predictive value, positive likelihood ratio, and negative likelihood ratio for predicting FSIQ less than 85, VIQ less than 85, and PIQ less than 85 using ⌬FA % ϭ Ϫ3.3% are presented in Table 4 .
DISCUSSION
In a cohort of childhood post-treatment MED and ALL survivors, we found that ⌬FA% (difference between patient FA and age-matched healthy control group FA normalized to the control group FA) of the white matter is significantly correlated with FSIQ, VIQ, and PIQ before and after adjusting for age at treatment, irradiation dose, and time interval since treatment. In addition, a ⌬FA% cutoff of Ϫ3.3% provided a high specificity (100%), high negative predictive value (100%), and low negative likelihood ratio (0) for FSIQ and PIQ of less than 85. Together with high positive likelihood ratios, our results Abbreviations: IQ, intelligence quotient; ALL, acute lymphoblastic leukemia; MED, medulloblastoma; RT, radiotherapy; SD, standard deviation.
Fig 1.
Scatter plot of FSIQ (full-scale intelligence quotient) and ⌬FA% (percentage difference in white matter fractional anisotropy). 
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suggest that FA is a clinically useful indicator of cognitive outcome in this cohort of childhood cancer survivors. Positive predictive values were found to be moderate and this can, in part, be explained by the low prevalence of IQ scores less than 85 in our cohort.
It has been shown that white matter FA increases nonlinearly with age with the steepest increase occurring in the first few years of life, reaching asymptote at about 6 years in the internal capsule and corpus callosum and at about 8 years in the peripheral white matter of the centrum semiovale. [19] [20] [21] [22] This is attributed to several factors, including myelination, and increases in the number of axons, axonal diameter, and fiber coherence. Hence, we have used age-matched patient controls to derive the ⌬FA% for each patient.
The association of DTI indices with cognitive function has been shown in both normal and diseased populations. Nagy et al 23 found that the development of cognitive abilities in childhood is correlated with maturation of white matter; specifically, working memory and reading abilities were found to correlate with increased FA in the superior and inferior left frontal lobe and the left temporal lobe, respectively. Peng et al 24 studied children with early chronic malignant phenylketonuria and found that VIQ, PIQ, and FSIQ were related to alteration of diffusion indices in the parieto-occipital white matter. Similar correlations have been found in minimal cognitive impairment and Alzheimer's disease, 25 ischemic leukoaraiosis, 26 and relapsing-remitting multiple sclerosis. 27 In our cohort of childhood cancer survivors, apart from white matter damage from cranial irradiation and chemotherapy, contributory causes of cognitive decline in MED survivors include the primary effects of the tumor in the cerebellum, cerebellar resection, 28, 29 and its complications such as posterior fossa syndrome and hydrocephalus; 30 and in ALL survivors, cortical atrophy and mineralizing microangiopathy are known sequelae of intrathecal methotrexate chemotherapy, which affect cognition. 31 Therefore, white matter FA, which could be an indicator of myelin and/or axonal integrity, only partially accounts for cognitive function in our cohort.
We note that the IQ scores of our cohort are relatively high compared with other studies, especially the MED survivors. Mulhern et al 12 and Palmar et al 34 found the IQ scores in MED survivors to be between 80 and 85. The IQ scores of ALL survivors have been found to be generally higher and often within the normal range.
31 This is presumably partly because of the lower cranial irradiation dose in these patients. However, most studies have found some decline in one or more aspects of cognitive function when individual subsets scores are assessed. 31 Since the cognitive impairment in ALL survivors is relatively mild and difficult to detect, this may be evident only when a matching control group IQ is used for comparison.
32, 33 High IQ scores in our cohort may reflect selection bias, a relatively high age at diagnosis and treatment of our MED group (mean age at diagnosis, 8.5 years, which is older than in most studies), and conservative irradiation doses. In our cohort, the lack of a significant difference in the IQ scores between MED survivors and ALL survivors may be because IQ tests were performed at a shorter interval since treatment in the former group, as it has been shown that IQ scores progressively decline with interval since treatment. 4, 34, 35 The subtest with most frequent below average score in our cohort was digit symbol/coding (34.5%). This subtest is a test of psychomotor performance and involves motor persistence, sustained attention, response speed, and visuomotor coordination. It is considered a sensitive test of brain damage and tends to be affected regardless of the locus of the lesion and is in keeping with the diffuse white matter damage found after whole brain irradiation.
Our study is limited by a relatively small, heterogeneous cohort with varied treatment protocols and disease processes. Our findings may, therefore, only be specific to this cohort of patients and should not be generalized to other types of cohorts. In addition, the small subject numbers may result in the lack of power for determination of the effect of some factors in the multivariate regression analysis. The age ranges applied to the control subjects in this study are arbitrary and were selected such that they were reasonably small. The use of mean FA reference values of an age-range, albeit small, instead of exact age-match is another limitation that has been discussed in our previous publication. 18 The cross-sectional nature of the study does not allow the assessment of developmental trends in IQ and FA. In a prospective study, if FA decline is found to herald IQ deterioration and is able to indicate damage before the completion of treatment, it may be used as a parameter to effect change in treatment strategy. Also, two patients had a prolonged time lag of more than 1 year between IQ test and DTI, which may have affected the accuracy of our results. Finally, in the assessment of cognitive function, we did not evaluate more specific tests to tap specific cognitive abilities, which have been reported to decline after cranial irradiation, for example, memory and learning, attention and information processing speed. These tests may be more sensitive to the detection of cognitive decline and it may be possible that some of these tests have a stronger correlation with ⌬FA%. Nevertheless, our preliminary observations warrant prospective, larger scale studies and further research in this area.
In conclusion, our findings suggest that DTI, using FA as a biomarker, may be a clinically useful tool for the assessment of treatment-related neurotoxicity and can be used as an adjunct to IQ scores. Longitudinal studies should be performed with close time points after treatment to determine the patterns of FA change and if loss of FA can be used to predict subsequent IQ decline. Apart from the assessment of neurotoxicity, this biomarker may potentially be useful in the assessment of timing and application of neurotoxic treatments and to test the effectiveness of neuroprotective drugs. In Figure 2b , patients 1, 2, and 4 were incorrectly labeled as revertant. Also, patient 3 was originally labeled as BRCA-2 mutation/BRCA-2 revertant, whereas the label should have read BRCA-1 mutation and BRCA-2 mutation/BRCA-1 mutation and BRCA-2 revertant.
In the Abstract, under Results, the first sentence contained an error and should have read: "The BRCAness profile accurately predicted platinum responsiveness in eight out of 10 patient-derived tumor specimens, and between PARP-inhibitor sensitivity and resistance in four out of four Capan-1 clones."
In the Methods section, under Patient Samples, the second sentence of the first paragraph should have read: "The first included six EOC patients with BRCA-1/-2 germline mutations, three of whom have been previously described."
In the Results section, under BRCAness Profile Distinguishes Between Platinum-Sensitive and Platinum-Resistant Tumor Biopsy Samples, the third sentence of the first paragraph should have read: "One of these patients was previously reported to have reversion of the BRCA genotype upon development of platinum resistance." In the same paragraph, the last sentence should have read: "Thus, these samples afforded us with an opportunity to determine how the BRCAness profile correlated with platinum responsiveness."
In the same section, in the last paragraph, references to revertant (functional) BRCA gene status should have been removed.
In the legend for Figure 2b , the last sentence should have read: "The BRCAness profile accurately distinguished between platinum sensitivity and platinum resistance in eight out of 10 tumor specimens."
In the Acknowledgments section, the following text should have been included: "and Elizabeth Swisher, MD, for her assistance in clarifying the BRCA mutation status of patients shown in Figure 2 ."
In the Appendix, under Patient Samples, the following text in the first paragraph should have been omitted: "In each case, the development of platinum resistance was associated with reversion to functional BRCA1 and BRCA2 protein. The labels for the y-axes of Figure 3 were originally given as B-Cell Cluster Score, and should have been B-cell/plasma cell Metagene Score. Also, the labels for the x-axes were inadver- 
